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SUMMARY 

The general goal of this research is to detemine the feasibility 

of an integrated optics technology in the infrared based on IV-VI thin- 

films grown on fluorite-structure substrates. This materials system has 

already yielded high-quality photodetectors, lasers, and field-effect 

transistors. To make useful integrated optical circuits means of wave- 

guidinn, coupling, and beam control must also be demonstrated. The eventual 

goal of the program will be to consider an integrated thin-film heterodyne 

receiver employing grating couplers and an injection laser as a local 

oscillator. Tha primary emphasis during the initial phase of this research 

has been the development of a theoretical understanding of waveguiding in a 

very high index film on a low index substrate and the application of this 

theoiy tc thinrfilm injection lasers. This work will form the basis for 

subsequent analyses of other waveguide structures or integrated optics 

devices in these materials. Calculations have been done for a PbTe film, 

index 6.V, on a BaF2 substrate, index l.k2.    The mode reflectivities at the 

termination of the guide, the surface scattering losses due to surface 

imperfections, and the gain (or loss) enhancement associated with intrinsic 

amplification (or attenuation) in the film are considered for the low order 

TE and TM modes. The two types of modes have comparable reflectivities for 

film thicknesses of interest, 2-4 m.    The gain enhancement is substantially 

higher for the TM modes owing to their stronger optical confinement. The 

surface scattering loss for the TM modes is also higher than for TE modes of 

the same order. The magnitude of the surface loss, however, depends on an 

unknown surface roughness parameter a, the variance of the surface height. 

._    ........ . -.....,1.^,-^.^ ;.^-..-,.l,.,......JW-..> . „-tau.^.tv.-w^.,^_-^  _ _ _  ] 
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An analysis is made of the gain and loss parameters at threshold 

for PbTe lasers made with Pb Schottky barriers on p-type films. The 

optical gain is estimated from the measured current and quantum efficiency, 

while the free carrier and reflection losses are calculated from the device 

parameters. The analysis suggests that the surface scattering loss is 

dominant in establishing the laser threshold. Consistent with this 

suggestion is the observation that the laser modes are always'JE polarized. 

A crude theory of surface scattering losses leads to an upper limit on a 

of  .03-.06 pm. 

The laser emission spectra generally show two dominant modes 

spaced by about l.k  meV. This splitting is several times larger than the 

Fabxy-Perot mode spacing, and we have attributed it to a strain-induced 

shift of the energy band. The strain in the PbTe fi^ arises because its 

thermal expansion coefficient is slightly different from that of the BaF2 

substrate. Using a deformation potential calculation leads to an estimate 

-2 X 10  for the strain component in the [111] direction normal to the 

film surface. 

Post-growth fabrication procedures for the thin-film PbTe lisers 

are described. These include annealing the films for a few days at 350oC 

in a Te atmosphere and defining the laser cavity with a photoresist etching 

technique before depositing the usual metallic contacts. 
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 j-—   
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I•     INTRODUCTION 

Laser action in the Pb-salts was  first observed in 196k by 

J.  F. Butler et al.,1 who reported diode lasers in PbTe.    Subsequently, 

laser diodes have been made in PbSe2 and PbS3 as well as in most of the 

pseudo-binary alloys  such as Pb^Sn^e and Fb^Sn^e.^    These lasers 

have been made from buU. crystalline samples grown by vapor transport 

or Bridgman techniques,  and a review of this work is given in a recent 

paper by Harman.5    The bulk devices consist of a rectangular crystal 

with cleaved (100) end faces  forming a Fabry-Perot cavity.    Due to the 

weak confinement of the laser team in the direction normal to the Junc- 

tion plane  (typically 1^0-50 „m at liquid He temperatures),  these devices 

approximate a volume laser with nearly plane wave propagation assumed 

between the end reflectors.    Previous analyses of the gain and loss 

characteristics of these lasers have generally used the volume laser 

approximation. ^ "' 

Recent studies of the epitaxial growth of IV-VI compounds on 

fluorite structure substrates have shown that fiO.ns of excellent crystal- 

line quality can be achieved.8    These films have yielded high quality 

infrared detectors9 and field-effect transistors as well as lasers.10 

The primary purpose of this paper is to discuss the light emission and 

laser characteristics of the thin-film lasers.    Since typical film thick- 

nesses are several microns,  i.e.,  on the order of the emission wavelength, 

the waveguiding properties of the films must be considered in determining 

the mode preferences and threshold conditions  for the lasers.    The 

increased electrical and optical confinement afforded by the thin films 

—i.—.. —^   
 "- -    - - -■■ 

.„..^...■■......-„...-^—„ 



ii    ^^ipw«wiiMiB#iiiiun,u.ii   i    .11    i iMKiupTCm»qPmwn^P<nnPHfff«^wu<ui|i «iinmnuJ nnii   in i HU    in.MI     IWIHII  i   »m im mi i i   i    IM  i     (min 

I 
I 

I 

I 
f 

1 
I 
I 

- k - 

enhances the optical gain significantly over that obtained in bulk devices. 

At the same time, however, the cavity losses are increased by the intro- 

duction of surface scattering. 

In Section II we present an analysis of the properties of the 

asymmetric dielectric waveguide formed by a high index semiconductor film 

on a low index substrate. Surface scattering losses, reflection losses, 

and gain enhancement for the low order TE and IM modes are considered. 

Calculations are presented for FbTe films, index G.k,  on Ba,F2 substrates, 

index 1.)|.2, but the results should apply to other systems with comparably 

large index differences. The stronger optical confinement associated with 

the TM modes can lead to reflectivities and gain enhancements larger than 

those for the corresponding TE modes. On the other hand the TE modes 

always show lower surface scattering losses than TM modes of the same 

order. To treat these surface losses we will use the simple theoiy of 

Tien based on the Rayleigh criterion.11-12 This theory involves a single 

unknown parameter a, the variance of the surface height,, which we assume 

to be the same for both surfaces. Fox the mode reflectivity calculations 

we will use an extension of the method employed by Reinhart et al. to 

treat a similar problem in double heterostructure lasers.15 For thick 

films we find results very similar to theirs, with the TE modes showing 

higher reflectivities than the TM modes. For thinner films, however, 

there is no clear preference. 

We present the experimental results in Section III. These 

include a brief description of the sample preparation, an analysis of 

the spontaneous emission spectrum at 77% and measurements of the spectra 

% 
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T anä Polarization of the lacer emission at liquid He temperatures. An 

important step in the sample preparation, which vas not used in previous 

I,  .   10 
devices,  is the use of a photoresist etching technique to define the 

ends of the optical cavity. This produces much tetter edges than those 

obtainable on the as-grown fübns using close-spaced evaporation masks. 

Minority carrier injection is achieved with Pb Schottky barriers on p- 

type PbTe fiibns. The sp-ntaneous emission spectrum is fit quite well 

with the band-to-band recombination model assuming vertical transitions. 
4» 

Under high-current conditions at liquid He temperatures, some devices 

show two distinct laser emission lines with a separation much larger 

than the cavity mode spacing. This splitting is explained in terms of 

a strain induced shift of the energy bands. Using a deformation poten- 

tial calculation leads to the estimate -2 x lO"4 for the strain component 

normal to the film surface. 

In the last Section we give an analysis of the gain and loss 

parameters at the lasing threshold. The optical gain at threshold is 

estimated from the diode current using the band-to-band recombination 

model. The free carrier absorption is calculated from the measured 

material parameters, and the reflection losses are determined from the 

) results of Section II. Using these results the surface scattering loss 

can be estimated, assuming there are no other loss mechanisms. This 

analysis gives an upper limit for c  in the range .03-.06 ^    In all 

cases the estimated gain at threshold is much greater than the sum of the 

free carrier and reflection losses. This indicates that the additional 

losses, which we attribute to surface scattering, are dominant in deter- 

mining the laser threshold. 

■■'.-< 
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II. WAVEGUIDE PROIERTTES 

A. Description of the Modes 

Since the general formalism for treating the waveguide modes 

of the asymmetric dielectric slab is well knovm,11'1^ we will omit deri- 

vations and give only those results essential for defining the notation 

and understanding the subsequent discussion. For the 2-dimensional 

geometry shown in Fig. 1 the guided modes follow from the solutions of the 

homogeneous Maxwell equations which vanish at z = ± «,. The solutions 

separate into transverse electric (TE) and transverse magnetic (TM) modes. 

The appropriate equation for the TE modes is 

d ,  2 ur^v T-,    2 
+ ni ^Ey  = 0Ey ^ (i) 

where ß is the propagation constant in the x direction, n. is the refrac- 

th 
tive index of the i  medium, Ey is the electric field strength (which has 

only a y component), ^ is the angular frequency, and c is the velocity of 

light. In our problem, with the refractive index stepwlse constant in all 

directions, H for TM modes also satisfies Eq. (l). 

The solutions result from matching the boundaiy conditions at 

the dielectric interfaces and solving the resulting eigenvalue equation. 

Following Tien,  the transverse field components for TE and TM modes can 

be written in the form: 

rcos(k2z12)e 

. i(ßx-ujt)     I        ,,     > 
Ae  NK        '   J cos(k0z) 

z > z 

^cos(k2z    )e 

k5(ziz25) 

12 •' 

Zl2 > z > -Z23 , 

-z23 > z    , 

(2) 

where z12 end  -z^ are the values of z at the upper and lower surfaces. 

■^- -■ ■ ■--— ■■,-—.-.—^■-.,     ■  -- J—. ~- ......—^^^^^-i.^^^..^,—.„...^■.^—^-^^^-^^ -....-  
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respectively; k^ •.-. (ß -n^^) j kg = (n^-ßd) ; and v;e have introduced 

the free space wave vector k = u)/c = 211/i.    The allowed values of the 

propagation constant 3 are determined from the equation 

Z12 H- ^5 = d ' (3) 

where d is the  film thickness.    For the TE modes 

by 

zlj3 and z2-, are given 

k2z12 

k2Z23 

arctan  (^/l^)    , 

arct8,n (k /k ) + mil    , 

while for the TM modes we have 

00 

.. 

k2Z12 ^ arctan (ng2^/^2!^) , 

k2z23 = arctan (ng^/n^2!^) + mTT 

(5) 

where m - 0, 1, 2, . . ., is the mode index. The roots of Eq. {■))  are 

generally found by numerical techniques. Note that defining the fields 

by expression (2) requires the position z = 0 be different for each mode. 

We  show in Fig. 2 plots of the propagation constant ß as a 

function of the guide thickness d for the first three TE and TIM modes. 

The frequency used in these calculations corresponds to a free  space 

wavelength of 6.5 ^m. Also shown as dashed curves are plots of the equa- 

tion 

d .= (mil) TT 
, 2, 2  ~2;x > (6) 

^^,.^...,.^..-..-.:i,^.w^-....-..-.. - .^—..,,»„..,.. ||,,1||i.i..^-.i-.,....--;J.—.^A^K....... —-nifcnciirtaii^— ■■■■ ■  — ■   ..■;«..„.„.....^,-.. ,J.,... ,„   
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which would describe the solutions for a waveguide with perfectly con- 

ducting walls, i.e.,  no penetration of the fields into the surrounding 

media. The purpose of these plots is to indicate that for most values 

of ß the TM modes are very  closely fit by Eq. (6) and are, thus, much 

more strongly confined than the TE modes. This feature leads to important 

differences in the mode reflectivity and gain enhancement as we will demon- 

strate in the remainder of this section. 

E. Mode Reflectivity 

To determine the exact reflectivity of a waveguide mode requires 

the solution of a difficult boundary value problem, and no attempt at such 

a solution will be given here. Instead, we will use a physical optics 

argument to obtain an estimate of the reflectivity. This method is the 

same as one used previously to estmate the mode reflectivities in double- 

heterostructure lasers.13  Our results will differ from that work in two 

respects: We will use the exact mode profiles in the calculations, rather 

than a Hermite-Gaussian approximation.; and we will introduce a truncated 

Fourier transform to take into account the evanescent tails of the modes 

extending into the surrounding media. 

We assume the semiconductor film is terminated with a surface 

in the z-y plane. The incident field illuminating the guide end is written 

as a Fourier decomposition S^)  in the z direction of the transverse field 

component. For a TE mode wo define S(k ) by 

ro     -ik z 
S(kz) = J E (2)e  

z  dz 

H 

(7) 

.—^.--„.^—.-.■^—...... riMBIIIIIMIIII  f •»H'hf It*''*""••-■ 
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Each Fourier component corresponds to a plane or evanescent wave inci- 

dent on the film-air boundary at the guide end. The evanescent tails 

on E (z), however, will net "see" the end of the guide as effectively 

as the rest of the mode. Tc take this eifect into account; we introduce 

a truncated transform: 

-ik 

W = J12 Ev^e  Z  dz • (8) 
-z 23 

We can now find the reflected fields by multiplying each of these components 

by the appropriate Fresnel coefficient .?(k ). This method assigns zero 

reflectivity to the evanescent tails and will probably underestimate the total 

reflected wave. We expect it to be a very good approximation for large d., 

and for small d it is a physically reasonable way of treating the mode reflec- 

tivities near cutoff. Finally, the amplitude reflectivity r is given by 

projecting out the original mode from the reflected waves: 

r = J S*(kz)F(kz)St(kz)äkz/jV(kz)S(kz)dk2  .       (9)   • 
—CO —CO 

The Fresnel coefficient for TE modes is given by 

'TE ?{\)  =  («2  " Ki^K2 + Hl^       ; (10) 

DO i. 
where K.   =  (n.  k    - k  )'.    For the TM modes we replace E (z) by H (z) and 

1      v 1 z y y 

use the Fresnel coefficient F, 
TM' 
popp 

r™(kJ  ::  (ni    ^9  - np   ;<-i )/(nn    «p ■|- n2   Hi) TMV  z' 1   ri2 '2   rl' 1   "2 (ID 

In Fig. 3 we show computer results for the mode reflectivities 

of the first two TE and TM modes,   calculated usxng Eqs.   (7)  - (ll).    The 

integrals in Eqs.   (7) and  (8) can be evaluated explicitly,  but the one 

in Eq.   (9) must be done numerically.' 

■ - -■-■^ 
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For thick films the simple formulas in Ref. 13 give roughly 

the same results, e.g., the reflectivity values of the zero order nodes 

at d = 6 urn are within 10^ of those in Fig. 3. However, for the data we 

will be presenting typical values are d = 2-k [im,   and for this range of 

thicknesses the results from the two models are very different. 

It is also of interest to consider the reflectivity of a guide 

with a nonrectangular end. Films grown by evaporation through a mask 

will tend to have a tapered edge due to the finite source size and the 

separation between substrate and mask. We assume this fuzzy edge can be 

approximated by a plane surface whose normal is in the x-z plane making 

a small angle v with the x axis.  It is"then a simple matter to modify 

Eq. (9) for this model.  The resulting reflectivity as a function of v 

is shorn in Fig. k  for the zero order modes of a k [im  film.  For thinner 

films the reflectivity falls off less rapidly and for thicker films more 

rapidly than shown in the figure. We have found that an edge defined by 

an evaporation mask will tend to have a tapered region at least one micron 

wide, and it is clear from Fig. h  that such an edge will introduce severe 

reflection losses. To get around this problem ve have been using an etch- 

ing technique to define the laser edges. 

! 

I 

C.  Surface Scattering Losses 

We will treat the surface scattering losses using the simple 

theory based on the Rayleigh criterion for reflection losses from sliehtlv 
31,16 * 

rough surfaces.    Although this theory is fairly crude in that it ignores 

the mode properties if the  guide, it is based on sound physical arguments 
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and is easy to apply. In addition, it is the only theory that has 

been successfully applied to experiments on losses in an optical vrave- 
.. 12 guide. 

To calculate the loss we first decompose the transverse field 

component inside the guide into two plane waves: 

Ae^x-wt) cog(k2z) = A [ei(ßX+k2z.u)t)4€i(ßxr.k2Z.U)t)3 

Ohe power in each plane wave is reduced, after a single reflection by the 

factor exp f-(ii-nn2Ocos02/\)s}, where a  is the variance of the surface 

height, assumed to be the same for both surfaces, G = arctan (ß/k ) is 

the angle of incidence measured from the normal, and \  is the free space 

wavelength. Using this method one can show that the power attenuation 

coefficient ^ for both TK and TM modes can be written in the form: 

Q' 

rr^o^ cos3e 

IT1")  H 
2 

n6. 
eff 

(12) 

where (!„„ is given by 

d eff, TK d + ^ 

äeff,TM    d "' 

P    P     9 
nin2  kl +k2 

5 2    U    ? 

{13) 
2 2?    2 n2 n3 ^ + ^ 

1   '  T"~2 1^^ 
5 3 2 '2 "5 

The quantity deff describes the effective spatial extent of a mode in the 

z direction.  The expressions (13) are derived by considering the power 

flow.  For a mode far away from cutoff deff will nearly equal d.  As a 

mode approaches cutoff, however, d   rapidly diverges. 

I 

- - 
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We show in Fi^. 5 the surface scattering Iocs coefficients as 

a function of film thickness calculated from Eqs. (12) and (15).  Ignor- 

ing the sharp drops in the losses at cutoff, the TE mode shows the lowest 

loss for all d values of interest. 

*.. 

i 

1 
I 

D. Gain Enhancement 

Optical gain in a semiconductor is obtained by population 

inversion induced through minority carrier Injection. This population 

inversion contributes a small negative imaginary component öe to the 

dielectric constant.  The gain coefficient for plane waves cc resulting 

from 6e is given by 

a     = —- 6e 
P    n2 

(Ik) 

In a waveguide the gain coefficient for a mode will differ from the plane 

wave result for two reasons: 1.  The guided mode can be viewed as t.-Jilng 

a zig-zag path down the film.  This will increase the effective path length 

and, thus, will increase the gain coefficient.  2.  The guided mode has 

evanescent tails extending into the surrounding passive media.  This mode 

leakage effect will tend to decrease the gain. 

To calculate the gain coefficient we observe that Eq. (l) is 

identical in form to the one-dimensional Echroedinger equation for a par- 

ticle in a square well.1'   This means we can use first order perturba- 

tion theory to calculate the change in the eigenvalue ßs caused by a small 

change in the index.  The result for TE modes is 

.^.^aJ.,«^..^-h.^-j.^..».|i||i|i.|t.^f^jni^-. il'it^iWAtfafiliViyif nhi w Yhili? Mfttn iMli^i 
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6(f^)    .    |    IE/IöS^/C
2
) dz/J    |E2|dz    . (15) 

Since the minority carrier diffusion length is typically an 

order of magnitude larger than the film thickness^ we can assume that 6e 

i1? uniform across the guide. With this simplification we can write the 

gain enhancement factor G,  defined to be the gain coefficient for the mode 

Q' divided by that for a plane wave,   in the following form: 

, J1?  |E2|dz 
G ^ = 4- ^2 . (16) 

f  |E2| dz 
y _<» 

The same formula applies for TM modes when F (z) is rejplaced with H (z), 

The first factor in Eq. (16) is always greater than unity, while the 

second is always less than unity. 

Evaluating the integrals in Eq. (l6) leads to the following 

expressions for G k, k 
d -I- ! ) 

(IT) 

2 2 2 2 n0k k      + k ky    + k0 

eff,TE 
2      2 2       2 n      n1    k1 n2    ^ ^ 

0 +    k 2—r~2 +    k 2     rr 
n2k      n2 kl + nl k2     n2 k7  + n3 k2 

GTM = "T" . 
eff,TM 

These expressions are plot+ed in Fig. 6 for the first two modes. 

Note that the TM modes show substantially more gain enhancement than the 

TE modes.  This results from the stronger optical confinement associated 

with the TM modes. 

■■ .■J.....^.- i-- -., --...,.— 
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III. EXPERIMENTAL 

A. Sample Preparation 

PbTe films are grown epitaxially on cleaved (ill) BaF2 substrates. 

The details of this growth technique and the characterization of the films 

o 
have been described previously.    Hall effect measurements are used to 

determine the carrier concentrations and mobilities. The, as-grown films 

are p-type with p - 6 x 101 - ^ x lO1(  cm~^. Typical mobilities at 10oK 

are 2-5 x 10 cm /V-sec, and typical film thicknesses are 2~k m. 

Since it is not possible to produce cleaved end faces on the thin- 

films, as is normally done with bulk devices, \re  have developed a photoresist 

etching technique to produce Fabry-Perot cavities with nearly square ends. 

The laser cavity is formed by first depositing a dumbell shaped mask on 

the PbTe film with Shipley AZ-111 photoresist. The exposed PbTe is etcheo 

away with an KBr:Br, 10:1, solution in an equal volume of water. The photo- 

resist is then removed, and a ~ IJOOOA Pt film is sputtered onto the ends of 

the dumbell forming the ohmic contacts. Finally, ~ 2000A Pb strips 150-^00 

\$a wide are evaporated across the PbTe forming the Schottky barriers. The 

Pb is evaporated at an angle of k50 with respect to the fiüjn normal. This 

procedure serves two purposes: It gives a better electrical connection 

across the sharp edge of the film on one side, and it leaves the other side 

bare permitting the light to exit. A schematic drawing of a completed 

sample is shown in Fig. 7. 

The samples are mounted with a thermal conducting epoxy on copper 

plates connected directly to the cold finger of a liquid helium dewar. The 

plates are positioned with the dumbell vertical and the light emitted 

müMnrrtii 1  ....-^-^—-^...^^.■^-—^■■-^■>-L. *iilh'MJi>i,äh>if>'JtWrthWai''rii'if»,igii'iiM"nifiii rrvii"»-'^'*-'''-■■" ' 
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within a cone of half-angle 17° centered roughly 20° from the plane of 

the substrate is collected and focused onto the entrance slit of a grat- 

ing spectrometer. This sample orientation provides maximum light collec- 

tion efficiency. The light at the exit slit is focused onto a Ge:Au 

liquid lJ2~co       »conductor. For pulsed operation the current pulses 

are 2  usec 1j      repetition rate of a few kHz and boxcar integration 

is used. For cw operation the light at the entrance slit is mechanically 

chopped at 550 Hz and synchronous detection is used. 

The importance of using an etching technique to define the laser 

end reflectors is demonstrated in Fig. 8. Here we show scanning electron 

microscope photographs of the cross sections of two laser ends—one pre- 

pared as described above, the other defined by a close-spaced evaporation 

mask. The guide end for the etched sample is normal to the substrate to 

within the accuracy that we can measure it  For the other sample, however, 

the guide end deviates from normal by an angle v s -5 rad, which would lead 

to a power reflectivity for a zero order mode several orders of magnitude 

below that for an ideal end reflector. 

Horaially a Schottky barrier diode is a majority carrier device 

leading to the recombination of majority carriers at the metal surface with 

little or no light emission. A Pb film on p-t-pe PbTe, however, produces 

an n-type inversion layer which can lead to electron injection. Hill et al. 

have shown that under high forward bias this structure is apparently as 

efficient at injecting minority carriers as a normal p-n junction.1^1^ 

This result is consistent with our estimates of the internal quantum effi- 

ciency T| for spontaneous emission at low temperature.10 We find in our 

devices a value for Tj of about one percent, while the best bulk p-n junc- 

tions yield values in the range 1-5$. 

...1. ...;... ,.;.;.<,..;..* 
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B. Spontaneous Emission at 77°K 

Previous measurements of both photolurainescence  and electro- 

luminascence  in PbTe indicate that the emission arises from direct band- 

band recombination with k-conservation, i.e., only near-vertical transitions 

are allowed. The primary evidence for this interpretation from our data is 

the observation of a highly asymmetric lineshape with a sharp cutoff at the 

bandgap on the lew energy side of the pea], and a long tail on the high energy 

side. The impurity banding, non-k-conservation model of Lasher and Stern21 

has been used to interpret emission from PbSe.22 However, this model pre- 

dicts a more symmetric lineshape with a substantial tail extending to ener- 

gies less than the bandgap, which does not give a good fit to our data. 

We will, thus, restrict our discussion to the k-conservation model. For 

PbTe this model yields the following expression for the total spontaneous 

emission rate as a function of the energy E:21'2^ 

I 
I 
I 

I 
I 

rE!?(E) = A(E-EG)*fo(|E-tEß+Ec) Cl-fv(4E0-iE+BT)) , (18) 

where 

kn e  EE m e (rn+ra ) 
g   G d  v d o 

m h-VTT2 
o 

2k md = .052 mo is the density of states effective mass,
?t which is taken to 

be the same for both bands;22 Ec and Ev are the conduction and valence band 

edges, respectively; EG = E^ is the bandgap; mo is the free electron 

mass; fc and fv are the Fermi occupation probabilities for electrons in 

the conduction and valence bands, respectively: 

^ .L|j   _ .. | _ |   .      .. .   Li   -...-■ L.. .,..■..   , ■    ■-■    ......  .■■>.■,.■-:   ■..-.-">--■■■■-■-■-.Ml—■^„.-^■^■■■-^■.■UAmi^l...-'   ■•■■-■■- —■^.'.i-i.....^-.L.l.,-   _   . |  ■■ _._ 



IW-'/liWipMipp^PW^PW^JRW»^» ."i."»1^^ 

I 
I 

—    riTntnrmnmrT'lf^" 

17 - 

f (E) 
■i- exp{(E-nc)/kT} VE) ^ 1 -i- exp[(E-n )/kT}  '  (19) 

I 
i 

; 

! 

and V 'V are the respect.ive quasi-Fermi levels of the conduction and valence 

band. The dimensions of r (E) ai-e eV cra~^sec~ . sp 

The experimentally observed spectrum 1(E) will be modified by re- 

abscrption. The emission from each increment of volume a distance x from 

the exit face is attenuated by the factor exp{-ax)}  where a  is the attenuation 

coefficient. Integrating over x leads to a lineshape r (E)/cy(E). However, 
sp 

r (E) and Q'(E) are related by21 sp ' 

„2 2 

a(E)=l44 (e(E^c%)/kT-l) r (E), 
n0 E 0P 2 

(20) 

At 77 K for the range of carrier concentrations and infection levels we are 

considering, we find that the 1 in Eq. (20) can be neglected compared with 

the exponential. Thus, for our experimental conditions, the lineshape is 

dominated by a simple Boltzmann factor: 

1(E) cc e 
-E/kT 

(21) 

Eqs. (I8)and(20) predict a vertical drop in the intensity from its maximum 

at the band edge. Actually, this corner will be slightly r^onded due to the 

residual attenuation such as free carrier absorption which does not vanish 

at this energy. 

We show in Fig. 9 an emission spectrum at 770K along with the 

predicted curve. A better way of presenting the data is shown in Fig. 10 

for a different sample where we plot ln(l/l   ) vs E above the peak. In 
peak ^ 

both cases, the agreement with Eq. (21) is good. Although the samples used 

imtmmMäi^^*^^-'^^-^iä*'a^*L!i-i*%-**UiJ   iiiilitMliWlilBiiiiittMiiiilMMita^^  ^..,„.»■.,^,^^^.,-1..^..i.., im.»ihririirri frri.il
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for these data have carrier concentrations differing by a factor of three, 

the emission lineshapes are essentially the same. In order to observe a 

change in the linewidth with carrier caicentration as was done in the photo- 

luminescence experiments, 9 it is necessary to use higher carrier concentra- 

tions and higher injection levels. 

It is important to note that the lineshape predicted by Eq. (21) 

in no way depends on the band parameters or carrier concentrations. In 

fact it does not distinguish electron from hole recombination. In a pre- 

vious paper, however, we presented data with the light collected through 

the BaF2 substrate normal to the fiLu.
10 For that case the reabsorption 

correction is veiy small since the light has on the average a very short 

path length through the film. The emission spectrum is broader than it 

is here. end Eq. ,13) with the appropriate effective mass and carrier con- 

centration must be used to fit the data. 

Polarization measurements of the spontaneous emission indicate 

that both polarizations have identical lineshapes with the TE intensity 

(E in the plane of the substrate) being about a factor of two larger than 

the TM intensity. We have not been able to obtain good spontaneous emis- 

* slon spectra at liquid Ho temperatures. Generally the spectra begin to 

| show stimulated line narrowing at about the same current levels that pro- 

duce measurable signals through the spectrometer with sufficient resolu- 

tion. 

-tAit? 
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C. Laser Emission at 10-15oK 

Lasing was first observed in these films  under pulsed conditions 

at 1?0K with a threshold current of several hundred milliaraperes for a 

typical device - a typical device being hOO^n wide and l| Mm thick with 

p ^ iu  cm . Our best diodes now läse with a threshold current of a 

few tens of Milliamperes. The primary improvement we have made is the 

use of the photoresist etching technique to define the laser cavity. We 

have also done some preliminary studies which indicate that the laser per- 

formance cc'n be improved by post-growth annealing at - yß0oG  in a Te atmos- 

phere which increases the carrier concentration to the high 1017 or low 

10  range. Besides increasing the carrier concentration and mobility, the 

annealing apparently improves the quantum efficiency. 

An example of the cw laser emission from one of our annealed 

samples is shown in Fig. 11. This device is 2.1; ^m thick with a cavity 

length L = liOO (jm. The laser threshold is about 30 mA, corresponding to 

the upper trace in Fig. 11. The widths of all the lines in the figure 

are spectrometer resolution limited. The 100 mA trace shows a complicated 

mode spectrum with seven discernible modes. The four at longer wavelengths 

show a common mode spacing of ~ 80Ä. The three remaining modes do not 

appear to show a common spacing. However, if we insert the DO mA peak 

position into the mode pattern at 100 mA, then we again have a set of 

four modes with an 80A spacing as indicated by the arrows in Fig. 11. 

Using the mode spacing formula for a plane-wave Fabry-Perot 

cavity, the effective refractive index n^ = n -x(dn /dX) corresponding 

to the data in Fig. 11 would be 6.5. Actually, the different waveguide 

modes will have different effective indices, and we should take this into 

'■■ .■ ■'-■■■~~ -^ -*-.^J.^-.^.„.., ■.„„^-, 
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account. The .ode effective indices .ill always  be less than the ^ 

effective index. Thus, the use of the plane-.ave Fahry-Pe.ot formula will  • 

underestimte u^ for the fiLn. For example, if we assume a TEo mode for 

the data in Fig. 11, then neff would be 6.1. instead of 6... We have observed 

effective indices in some flMs as  large as 8. Such a wide spread in this 

quantity is not surprising however, considering the large dispersion in 

n2(x) near the hand edge in PhTe reported hy Zemel et al^ at low tefflperatures 

The observation of two or three separate sets of Pabry-Perot spaced 

-odes occurs in most device, at currents well above threshold. The reason 

for this is not clear. It could be due to inhomogeneities in the fi^ or 

on the surface which produce laser filaments in the transverse direction. 

All of the laser lines shown in Fig. n are polarized ^ 100^ (±5^) 

with the electric vector in the plane of the substrate, indicating pure TE 

modes, in fact, we have measured the polarization of 30-40 modes in several 

different diodes and have invariably found them to be TE polarized, although 

occasionally the polarization is only 60-8^ TE.    The observation of modes 

which are only partially polarized may be another indication of filamenta- 

tion, since any strong confinement in the direction along the film will lead 

to modes with mixed TEM polarization. The only cavity property that strongly 

favors TE modes is the surface ses-H-^-Hncr Wc -n furiace ocatterxng loss, thus our results would sug- 

gest that this loss mechanism is the dominant one in establishing the laser . 

threshold. 

In most samples we observe two prominent laser lines with a 

separation large compared with the cavity mode spacing. This feature 

usually occurs well above threshold and ofcen only -under pulsed condi- 

tions. One example is shown by the separation between the two dominant 

modes in the lower trace in Fig. 11. Mother example is shown in Fig. 12 

._._  ^  :.. ^ _ ^ i_ ^ ^ _^   _. ^ _ 
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for a different, sample. The small splitting of the longer wavelength mode; 

in this figure is the cavity mode spacing. We have interpreted the large 

splitting as arising from a strain-induced shift of the energy bands. 

The thermal expansion coefficient of the substrate is less 

than that of the film. This means that at low temperatures the film 

will appear stretched in the plane of the substrate, the (ill) plane, 

and compresser in the direction normal to it. This deformation will 

partially remove the degeneracy of the various conduction and valence 

bands. Since the band gap in the Pb-salts is at the zone boundary in 

the [111] direction, the bands which are oriented along [113] will shift 

differently from those along [in], [ill], and [111], which remain degen- 

erate . 

To estimate the difference between the bandgap at (ill) and 

that at the other three points, we will assume the deformation of the 

crystal is equivalent to that produced by a stress S applied uniformly 

in the directions parallel to the (ill) plane. For this stress configura- 

tion the strain tensor e/. in the coordinate system with the z' axis in 

11  e^ 
the [111] direction will be diagonal with nonzero components: e' = 

(s/-n + s-io) s and e/v = 2s' S, where s/. are the elastic compliance 

22 

11 -12 

constants in the primed coordinate system. This description is, of 

course, not exact, since the actual strain will vary over the thickness 

of the film. In a thin film, however, we can consider the strain values 

to be averaged over the thickness. Once the strain tensor is known. 

26 

the shift of any band edge can be determined by AE = D.. e.,• where the 
iO ij 

D., are the appropriate components of the deformation potential tensor. 

After transforming e/. into the coordinate system with the cubic crystal 

axes and using the expressions for D. . given by McMullin, ^ we find 
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that the difference between the two bandgaps in PbTe can be written in 

the form: 

ÄE, -±~~?-~^ -„6 4 e' (eV),   (22) 
1-20/(0+20^)      53 

i» 

" 

I 

where &'    is the strain in tha [111] direction; R and R are the off- 
JJ o    v 

diagonal elements of the deformation potential tensor for the conducti 

and valence bands, respectively; and the c, are the standard elastic 

stiffness constants. We have used the numerical values for these con- 

stants summarized in Ref. 27.   Our experimental value of the energy 

gap difference is AE = l.lj. meV ± 30$, corresponding to a strain 

on 

55 -2.2 X 10  . 

Recently Hohnke has measured the temperature dependence of 

the strain component e./v for similarly grown PbSe films on BaFc sub- 

28 „ A- strates.   He finds that at 77UK ^y  «, -3-5 X 10 '• ±  10$, which is fairly 
JD 

close to the value we would predict from the emission spectra for PbTe. 

This result is not surprising, however. Since the thermal expansion 

coefficients for PbTe and PbSe are nearly equal, we would expect the 

low temperature strains in the two materials to be similar. 

I 

I 
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■ IV.  THRESHOLD ANALYSIS AND  DISCUSSION 

In this section^ we present an analysis of the gain and .loss 

parameters which characterize the laser threshold. The analysis will 

necessarily be very crude since we have no way of independently measuring 

the various contributions separately. The threshold condition we can write 

in the form 

-1 , ~-l -Oo'(E ) = G cv„ 4- (y + L"1 In R  , 'fc (23) 

1 
I 
I 
I 

where (Yfc is the free carrier absorption,»  is the surface scattering loss, 

G is the gain enhancement factor, L is the cavity length, R is the power 

reflectivity, and oKE ) is the maximum plane-wave gain coefficient given 

by Eqs. (].8) and (20). Under lasing conditions a(E ) will, of c airse, be 

negative. The free carrier and reflection losses can be estimated reasonably 

well, but the surface scattering loss Q1
 involves an unknown scaling param- 

eter, the variance of the surface height. On the other hand, the maximum 

gain coefficient oK^) can be related to the threshold current in the diode 

by 

It = (eV/Ti) J r (E) dE , (210 

vhcre  j is the threshold current, V is the recombination volume, and 1\ 

the internal quantum efficiency. Thus the least known parameter in Eq. (23)' 

is the surface scattering loss^ and our aim will be to use estimates of the 

other quantities to determine it. 
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Normally Eq. {2h)  is written with the current density J on 

the left and the minority carrier diffusion length on the right. That 

way of expressing the j vs aiF.J  relation is appropriate for a bulk p-n 

junction with the current flow uniform and normal to the Junction plane. 

In our diodes the current flow is non-uniform with components both normal 

and transverse to the Junction plane. To make the problem tractable we 

will make two simplifying assumptions: First, we ausume that electron 

injection occurs predominantly at the edge of the Pb film. This should 

be a good apprcximaMon at high injection when the junction voltage is 

large compared with kT/e; since the voltage drop along the film will sub- 

stantially reduce the injection away from the Pb edge nearest the Pt con- 

tact. Second, we assume that the electron distribution is uniform in the 

z  and x directions and spread out by the diffusion length in the y direc- 

tion. This should be a good approximation at low temperatures where the 

minority carrier diffusion length. Ln is roughly an order of magnitude 

greater than the film thickness. Our entire analysis of the waveguiding 

properties implicitly assumes that lasing begins not in the region covered 

by the Pb film, but in the region adjacent to it. This will certainly be 

the case near threshold where the additional losses of the metal film 

would preclude lasing in that region. Thus the recombination volume V 

is a rectangular region with thickness d, width L , and length L. The 

accepted value for the minority carrier diffusion length in Pb-salt lasers 

5 6 
is roughly 20 pm, '       but we will take 1^ = J-iO ^ since the carriers can 

diffuse in both the plus and minus y directions. 

kJ-'J—J--—"^ .-. -.  --  ^L.^.^.   ^.^ U-.     - 
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In the spirit of our approximate treatment we  will use a sim- 

plified expression for estimating the optical gain at threshold rather 

than the integral relation {2k).    This simple expression can be written 

in the form^-'-' 

■^v = 
? 2 ^ ltW OP 
2  2 

eVn0 YE AE 2  m 
(25) 

where y  is the "demerit" factor and AE is a measure of the spontaneous line- 

width. We have found that using Y^E = h.}  meV in Eq. (25) leads to a value 

which is always within about 20/. of the value calculated from Eq. (2k)  for 

a particular threshold condition. The quantum efficiency was measured pre- 

viously to be about one per cent for unannealed samples.10 

In Table 1 we show typical threshold data for four PbTe lasers. 

The threshold current is determined by examining both the emission spectrum 

and the variation of the light intensity with current. The uncertainty 

in this determination is about 10/. The optical gain is calculated from 

Eq. (25) with 11 = 1^ and yAE = k.3  meV. The  free carrier absorption coeffi- 

.  , . 2g 
cient is calculated from 

a 
5 i 

per > 

2 &o^p c 

(26) 

where m^-.O.^ is the conductivity effective mass-'0;  p and ^ are the 

hole carrier concentration and mobility, which are measured for each device; 

and co is the free space dielectric constant. The reflection loss is deter- 

mined from Fig. 3 assuming a TEo mode. The surface scattering loss is 

detemined from the threshold condition (23) using a gain enhancement factor 

of unity. The value of a  is calculated from Fig. 5, again assuming a TE 
I o 

mode. In every case ces is the dominant loss contribution. This is 

Mi '-' iinn i miir-     ■    ■     ■*■ ■--■...- —>  -. ........ ~~x . .;..■. ^..^-.u <-.*.■■ ■■ Mut. a^ji.X^i. 
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I 

consistent with the observed strong preference for TE modes. The values 

I for a Given in the table should be considered as upper limits since we 

have probably overestimated the carrier confinement by the assumption of 

\ a line source of injection and there may indeed be other losses which we 

T have overlooked. In the absence of an experimental verification of the 

surface loss theory and its applicability to our fi^s, it is more appro- 

priate to view a as a phenomenological parameter characterizing the surface 

loss, rather than a true measure of the variance of the surface height, 

i Annealed samples show a facter of 3-5 lower threshold currents 

-| than unannealed ones. Presumably this results from an increase in T], in 

which case the predicted values of a for those samples would again be the 

| same magnitude as those shown in Table 1.- Annealing also produces a shift 

of about ?;i of the laser emission to higher energies. An example of this 

U shift can be seen by comparing Figs. 11 and 12.  The shift arises from the 

- increase in carrier concentration. With higher hole concentrations higher 

energy transitions are allowed. These transitions involve a larger density 

T of states than those closer to the band edges and, thus, will tend to be 

favored for lasing. 

The primary conclusion we can draw from this threshold analysis 

is that there are large losses in addition to free carrier and reflection 

losses which are important in deteraining the laser threshold. Significant 

improvements in the laser performance can be expected if these losses are 

reduced. Coupled with the increased quantum efficiency from annealing, 

laser thresholds as low as 1 mA should be attainable in our devices. In 

j        addition a high-gain, single-pass optical amplifier could be made by 

eliminating the end reflectors and adding input and output grating couplers 

at the ends of the active region. 
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Fig. 1 

Fig. 2 

Fig- 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. ? 

Fig. 8 

FIGURE CAPTIONS 

Geometry for H,To wveguWe on EaF, oubotrate. 

Film thiotoeSS vo BO/» for the low ordor „odes. The dashed 

curves are solution? corresrvwrMv,., i C01responding to no penetration of the 

fields into the surrounding media. 

PWer renectivity vs f^ thickness for the ^ ^ ^ and 

TE modes, calculated from  the square of Eq. (9). 

Peer renectivity for .ero order .odes .s the guide angle 

defined in the figure. 

s-face scattering loss ooefaolont definea 1„ Eq. (12) vs 

the fita thlotaossfor the first t» IE and TH «des. 

Oain enhancement factor definod In M.  (17) v= the ^ ^ 

ness for the first two TE and TO «des. 

Schematic drawing showing a collated sample. Since each Pb 

strip can be biased with either Pt contact, lasing can be 

obtained in thin strncture from four different optical cavities. 

Scanning electron microscope photograph of two laser end reflec- 

tors. The camples have been notfpri n 
oecn potted xn epoxy and lapped edgewise. 

in (a) the edge is defined by the photoresist technique. The 

light strea. at the left is the Pb fi.n.  In (b) the edge is 

defined by a close-spaced evaporation mask. 
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FIGURE CAFTIONS (Cont'd.) 

Fig. 9   Spontaneous emission spectrum at 770K. The dashed line is 

calculated from Eq. (21) with the peak rounded to indicate 

some residual attenuation. Device parameters: p = 1.5 x 10 ^ cm~-^ 

d = h.6  jjnij L = kOO  ^mo 

Fig. 10  Semilog plot of the spontaneous emission spectrum on the high 

energy side of the peak. The solid line is the slope predicted 

by Eq. (2l). Device parameters: p = lf.8 x 101''. d = 1^.8 |jttn, 

L = ilOO urn. 

Fig. 11  Laser emission at 100K for an annealed sample. The upper trace 

is near the laser threshold. The linewidths in each case are 

spectrometer resolution limited. The lower trace has twice the 

resolution, and the signal level is kOx  larger than in the upper 

trace. Each set of h arrows  is drawn with an 80 A spacing. The 

peak in the upper trace coincides with the second arrow from the 

left. Device parameters: p ^ 10 ' cm , d :-- 2.k  pjn, L = )|00 ^m. 

Fig. 12  Pulsed laser emission at 9.!;0K in an unannealed sample. The 

large splitting is roughly l.k  meV. Device parameters: p = 

17   v) 
1.6 x 10 ' cm , d = 2.)+ pm, L = 'lOO pm. 
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